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Abstract 
Compared to conventional metal-foil strain gauges, nanocomposite piezoresistive strain 
sensors have demonstrated high strain sensitivity and have been attracting increasing 
attention in recent years. To fulfill their ultimate success, performance of vapor growth 
carbon fiber (VGCF)/epoxy nanocomposite strain sensors subjected to static cyclic 
loads was evaluated in this work. A strain-equivalent quantity (resistance change ratio) 
in cantilever beams with intentionally induced notches in bending was evaluated using 
the conventional metal-foil strain gauges and the VGCF/epoxy nanocomposite sensors. 
Compared to the metal-foil strain gauges, the nanocomposite sensors are much more 
sensitive to even tiny structural damage. Therefore, it was confirmed that the signal 
stability, reproducibility, and durability of these nanocomposite sensors are very 
promising, leading to present endeavor to apply them for static structural health 
monitoring. 
 
Keywords: nanocomposite strain sensor; signal stability and reproducibility; structural 
health monitoring 
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1. Introduction 
Structural health monitoring (SHM) is a paramount subject required in many 
engineering fields. Effective SHM relies on the advances in a broad range of 
technologies including identification methodology or algorithm, sensor, data 
acquisition, signal processing, damage identification and life prediction, etc. For 
identification methodology, the methods developed to date have the capacity to deal 
with dynamic test data [1-13], static test data [14-19] and hybrid ones [20], which can 
be  can be adopted to solve three key problems in SHM: monitoring the occurrence of 
damages, locating the damage positions and estimating the severity of damage. 
Certainly, some techniques require numerical models together with experimental data 
[1-4, 11-14, 20], while others may only rely on experimental data [5-10, 15-19]. Among 
experiment-based approaches, a representative one is based on vibration mode-shape 
information [5-10]. However, direct use of displacements or displacement based 
vibration mode-shapes may be problematic due to the low sensitivity to material 
damage. Recently, significant progress has been achieved in development of new 
techniques based on detecting mechanical strain [4, 5, 13, 15-19], or strain-equivalent 
curvature mode-shapes [6, 7], or high-order curvature mode-shapes using fractal theory 
[8-10]. 
    To obtain reliable strain data, the available strain sensors include conventional metal-
foil strain gauges [18, 19], piezofilm (poly (vinylidene fluoride): PVDF) sensors [19], 
piezoceramic (lead zirconate titanate: PZT) sensors [13] and optical fibers [5, 10, 15-17, 
19]. These strain sensors possess their own advantages and disadvantages. For instance, 
the conventional metal-foil strain gauge is inexpensive, stable and reliable but its strain 
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sensitivity is very low. PZT and PVDF sensors are more suitable to measure dynamic 
signals but are expensive. The fiber optical strain sensors (e.g., fiber-Bragg-grating 
(FBG) sensors) are of various advantages, leading to their wide applications in recent 
[5, 10, 15-17, 19]. However, the FBG strain sensors do suffer a drawback, i.e., the so-
called strain-temperature cross-sensitivity. This means that both temperature and strain 
can contribute to the Bragg wavelength shifts. An FBG fabricated with a standard 
communications fiber has a temperature sensitivity of 11pm/
o
C and a strain sensitivity 
of 1.22 pm/ in the 1550-nm band [21]. In order to discriminate between strain and 
temperature in FBG sensing, complex techniques often have to be used for signal 
processing. 
Based on the above background, as stated previously, sensor technology is a key 
issue for SHM. More recently, more effort has been put to development of new  
piezoresistive strain sensors made from carbon nanofiller/polymer nanocomposites [22-
40]. The widely used carbon nanofillers with high electrical conductivity include carbon 
nanotubes (CNT) [22-26, 28, 31, 33, 35, 36, 39-40], carbon nanofibers (CNF) [29, 36], 
carbon nanoparticles [27], etc. The advantages of the piezoresistive nanocomposite 
sensors can be summarized as: high sensitivity [22-36, 39], low fabrication cost, shape 
and size tailorability, insensitive to electromagnetic interference and corrosion, no 
negative impact on the mechanical properties of target structures, etc. Significant 
advances have been achieved in increase of strain sensitivity [36] and understanding of 
sensing mechanisms [24-26, 28, 31, 32, 34, 39-40]. On the other hand, for practical 
applications, the repeatability and stability of the nanocomposite sensors are crucial. 
Unfortunately, there have been a few recent studies focusing on the behaviors of the 
nanocomposite strain sensors under cyclic loads or dynamic loads [26, 31, 39-40], 
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which show some promising results. Moreover, instead of fabrication of the 
nanocomposite sensors, Gao et al. [41] directly dispersed CNT in fiber reinforced 
epoxy composites and used them to evaluate the damage evolution and failure 
mechanisms of the composite by measuring the resistance of the crossply 
composite in real-time during incremental cyclic tensile loading. This work is one of 
few examples which directly apply this sensing technology to SHM. 
In this work, firstly, we characterized the performance of vapor grown carbon fiber 
(VGCF)/epoxy nanocomposite sensors under static cyclic loads. Then, with improved 
signal stability, reproducibility and durability via optimizing the processing window, the 
nanocomposite sensors were applied to the SHM of a cantilever beam with bending 
deformation. It was found that the nanocomposite sensors are much more sensitive to a 
tiny damage compared to conventional metal-foil strain gauges in terms of the variation 
of resistance change ratio, i.e., strain-equivalent data. We believe that the above efforts 
are crucial to promote practical applications of this new sensor technology in future. 
 
2. VGCF/epoxy Nanocomposite Strain Sensors 
2.1 Fabrication of VGCF/epoxy Nanocomposite Strain Sensors 
The VGCF/epoxy nanocomposite was fabricated using a similar technique to the 
authors’ previous work with some modifications [36]. An insulating bisphenol-F epoxy 
resin (JER806, Japan Epoxy Resins Co. Ltd.; Japan) and an amine hardener (Tomaido 
245-LP, Fuji Kasei Kogyo Co. Ltd.; Japan) were used. The nanocomposite was 
prepared by mixing the epoxy resin and the hardener with the ratio of (5:3) using a 
planetary mixer (AR-100, THINKY Co. Ltd.; Japan) at 2000 rpm for 30s. Then, VGCFs 
(Showa Denko, Co.; Japan) were added into the mixture and mixed again at 2000 rpm 
6 
 
for 15 min. The final mixture was cured in a vacuum oven at 80
o
C for 2h. The 
corresponding properties of VGCFs are shown in Table 1. Note that VGCF is a kind of 
inexpensive nanofillers with a similar price to conventional carbon short fibers. To 
explore the influence of VGCF loading on the sensor’s performance, we used two types 
of VGCF loading, i.e., 3 and 5wt.%. A 200 m thick film was prepared from the cured 
VGCF/epoxy mixture to make nanocomposite strain sensors, Fig. 1. Very good 
dispersion of VGCFs in epoxy matrix identified in [36] leads to the sensor’s high 
functional stability. 
2.2 Performance Test of VGCF/epoxy Nanocomposite Strain Sensors 
The signal stability and reproducibility as well as the durability of nanocomposite 
sensors in terms of piezoresistivity were measured by attaching the sensors on the 
surface of a cantilever beam. The beam was fabricated from vinyl chloride and has a 
dimension of 2 mm by 4 mm. The sensor is attached at the fixed end of the 
cantilever. At the same location, a conventional metal-foil strain gauge was attached on 
the opposite side of the beam for calibration. In dry air and at ambient temperature, the 
piezoresistivity of VGCF/epoxy sensors under static cyclic loads was obtained using an 
LCR (Inductance(L), Capacitance(C), and Resistance(R)) meter (HIOKI 3522-50, 
HIOKI Co. Ltd.; Japan) by the four-probe resistance measurement method with the 
applied voltage of 5V. The static response of the metal-foil strain gauge was measured 
using a bridge box. The static cyclic loading was realized by slowly dangling a weight 
at the free end of the beam using a jack as shown in Section 3 later. 
The piezoresistivities of the two types of VGCF/epoxy sensors under 300 static 
bending tests are demonstrated in Figs. 2 and 3, respectively. The piezoresistivity () 
is defined as the ratio of the change in resistance (R) to the zero-strain resistance 
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(R0) of the current test. The change in resistance is obtained as R-R0, where R is the 
resistance at the maximum strain in the current test. The maximum strain applied on the 
VGCF/epoxy sensors monitored by the metal-foil strain gauge was kept to be around 
6000 . From Figs. 2 and 3, nonlinear  of the two types of VGCF/epoxy sensors can 
be identified. This nonlinearity can be explained from the tunneling effects among 
neighboring VGCFs [25, 31, 32, 36]. From Figs. 2 and 3, it was found that, between the 
1
st 
and 2
nd 
tests, there is a remarkable difference in the sensors’ . However, after the 
2nd test, the repeatability of the two sensors’ performance is good up to the 300th 
load cycle. For comparison,  of the conventional metal-foil strain gauge used in the 
present work is also plotted in Figs. 2 and 3. Note that, this  was evaluated from the 
gauge factor K and the applied strain  as: =K. The gauge factor K of the present 
metal-foil strain gauge is 2.1 as provided by the maker. At 6000 , the maximum  of 
this metal-foil strain gauge is only 1.26%. Therefore, as shown in Figs. 2 and 3, its 
sensitivity is around 16 times and 12 times lower than the 3 and 5 wt.% VGCF added 
nanocomposite sensors, respectively. Moreover, the zero-strain resistances of the two 
sensors after each load cycle are shown in Fig. 4, which indicates the higher resistance 
in the 3 wt.% VGCF loaded sensor, leading to its higher sensitivity (see Figs. 2 and 3). 
This phenomenon can be explained from the sparser conductive network and the 
correspondingly pronounced tunneling effects in this sensor compared to that of 5 wt.% 
VGCF loading as described in [28, 36]. The zero-strain resistances of the two 
nanocomposite sensors in Fig. 4 are very stable, implying the nanocomposite sensor’s 
reliable performance and high durability under static cyclic loads. Note that the 
resistances of the present nanocomposite sensors (see Fig. 4) are very large, which 
makes the nanocomposite sensors insensitive to electromagnetic interference. 
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To further explain the above experimental results, the working mechanisms of 
these nanocomposite strain sensor need to be understood. From the accumulated 
knowledge to date, the sensor piezoresistivity can be mainly attributed to the following 
three aspects: (a) variation of conductive networks formed by carbon nanofillers, e.g., 
loss of contact among carbon nanofillers [24, 26, 28, 36]; (b) tunneling resistance 
change in neighboring carbon nanofillers due to distance change [25-28, 33]; (c) 
piezoresistivity of carbon nanofillers themselves due to their deformation [22, 23, 31]. 
For the first working mechanism, it can be easily understood from Fig. 5 where some 
conductive paths formed by VGCFs may be broken up by external strains, leading to the 
increase of sensor’s resistance. For the second one, tunneling phenomenon occurs when 
two VGCFs are very near, e.g., within 1nm [25]. As shown in Fig. 6, the tunneling 
effects can be quantitatively modeled by the tunneling current J or tunneling resistance 
Rtunnel between two neighboring VGCFs in an exponential form as: 
11/ ( exp( ))J d d     or 2 exp( )tunnelR d d    , where 1, 2 and  are some 
constants, and d is the distance between the two VGCFs. As shown in [25], for epoxy 
matrix, 1Å increase of the distance, i.e., from d to d’, can lead to 10 times lower 
tunneling current or 10 times higher tunneling resistance, which leads to very high 
sensitivities of the nanocomposite sensors. For the third mechanism, it has been 
identified in [34] that the piezoresistivity of carbon nanofillers, e.g., CNTs, has a minor 
impact on the piezoresistivity behavior of the nanocomposite sensors through multi-
scale numerical simulations. 
Here, the first and second mechanisms are used to explain the present experimental 
results (Figs. 2-4) of the VGCF/epoxy nanocomposite sensors under static cyclic loads. 
Firstly, from Fig. 4, at a strain level of 6000 , there should be very few VGCF 
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conductive paths experiencing a permanent unrecoverable cutoff or break-up since there 
is no obvious change of zero-strain resistance within 300 load cycles. The first 
mechanism should be dominated by the recoverable network cutoffs. For the second 
mechanism, i.e., tunneling effects, they are recoverable during static cyclic loads. These 
features results into the high signal stability and reproducibility of the present sensors 
(see Figs. 2 and 3). Secondly, the remarkable difference between the 1
st
 and the 2
nd
 tests 
can be explained from weakened bonding between VGCF and epoxy matrix after the 1
st
 
load cycle. The average Young’s modulus of the present VGCF is 516.5 GPa [37], 
which is at least 170 times higher than that of epoxy, i.e., around 2~3GPa. Therefore, 
VGCF plays a role of a rigid-body embedded in the epoxy without significant elastic 
deformation. In this case, as shown in Fig. 7 for an embedded VGCF in epoxy matrix, 
due to the big mismatch in Young’s moduli of the VGCF and the epoxy matrix and 
resulting non-uniform deformation, there is very high shear stress concentration at the 
two ends of the VGCF [38]. For instance, under the tensile strain 6000applied on the 
nanocomposite sensor, corresponding to around 18 MPa tensile stress in the 
nanocomposite of the Young’s modulus of 3GPa. The shear stresses at the two ends of 
VGCF should be of the same level as the normal tensile stress as shown in [38] or even 
much higher by considering possible elastic stress singularity at the two ends of the 
VGCF. These high shear stresses trigger the happening of debonding at the two ends 
since the shear strength of epoxy ranges from 15 MPa to 20 MPa [37]. Then, the 
bonding length between the VGCF and the epoxy decreases. Therefore, after the 1
st 
test, 
bonding between VGCFs and epoxy matrix was weakened, which hinders the 
interlocking movement of VGCFs when following up the matrix deformation. Or the 
VGCFs move in a more retarded way. This results in the decrease of the  from the 1st 
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test to the 2
nd
 test as shown in Figs. 2 and 3. The reason is that the tunneling distance 
change among those neighboring VGCFs, and the recoverable conductive network 
cutoffs or breakups are inhibited. However, after the 1
st
 test, the high shear stresses at 
the two end regions of VGCFs are alleviated effectively with the advent of debonding or 
the decrease of bonding length. Further extension of debonding is deterred by this stress 
relaxation. Therefore, from the 2
nd
 test to the 300
th
 test, the sensor performance becomes 
stable due to the gradually stabilized interfacial bonding state between VGCFs and the 
matrix. 
Here, although the sensitivity of the sensor with 3wt.% VGCF loading is higher 
than that with 5wt.% VGCF loading, i.e., around 25% higher , its signal repeatability 
is slightly worse (see Figs. 2 and 3). In Fig. 4, the stability of the zero-strain resistance 
in the sensor of 5 wt.% VGCF loading is also higher. Moreover, multiple sensors cut 
from the same nanocomposite sheet of 5 wt.% VGCF loading possess almost the same 
and stable property due to its internal dense, stable and evenly distributed conductive 
network. Therefore, from the above aspects, the sensors of 5 wt.% VGCF loading were 
finally employed in the following SHM application. 
 
3. Application of VGCF/epoxy Nanocomposite Strain Sensors in SHM 
The nanocomposite sensors of 5 wt.% VGCF loading were applied to damage 
monitoring in a cantilever beam problem. The present experimental setup is shown in 
Fig. 8. Quasi-static loading was realized by slowly dangling a 3 kg weight using a jack.  
To compare the effectiveness of the present nanocomposite sensors with that of 
conventional metal-foil strain gauges, two identical damage monitoring tests were 
performed independently using an aluminum beam of thickness 3mm. The dimensions 
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of the beam and the positions of four sensors, i.e., A, B, C and D are shown in Fig. 9(a). 
At the sensor positions, four nanocomposite sensors or four metal-foil strain gauges 
were attached. To collect sensor signals, an LCR meter for the nanocomposite sensors 
and a bridge box for the metal-foil strain gauges were used, respectively. 
As shown in Fig. 9(a), a notch was manufactured at a position near sensor B. The 
detailed shape and sizes of the notch are illustrated in Fig. 9(b). Three notch depths, i.e., 
0.5 mm, 1.0 mm and 1.5 mm, were used. Note that SHM tests were performed one by 
one on the same beam for three different notch depths. For instance, after the SHM tests 
for the beam of depth 0.5 mm, it is desirable to perform the successive SHM tests for 
the same beam of depth 1.0 mm without changing the boundary conditions of fixed end. 
If the beam of depth 0.5 mm was removed from the test bed for manufacturing the notch 
of depth 1.0 mm, the boundary conditions might be changed when re-installing the 
beam back to the test bed. Therefore, to minimize the impact of notch manufacturing 
process on the boundary conditions, the following method was employed. Firstly, two 
notches in Fig. 10(a) with the same geometries as that in Fig. 9 were precisely 
manufactured on two aluminum die template plates using a milling machine. Note that 
the two die plates are of the same thickness of the aluminum cantilever beam. Secondly, 
these two die plates were put on the two sides of the cantilever beam. Then, they were 
fixed on a lower supporting plate by 2 upper square bars and bolts as shown in Fig. 
10(b) and 10(c). The lower supporting plate in Fig. 10(c) was further located on an iron 
slab to keep the cantilever beam horizontal. Then, the notch on the cantilever beam was 
made by a handy saw until its shape and depth match with those pre-induced notches on 
the two die plates (see Fig. 10(c)). The finally obtained notch on the cantilever beam is 
shown in Fig. 10(d). Then, the die plates were removed and SHM tests were performed. 
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After the SHM tests, the two die plates were manufactured again to get a new notch 
depth, and then the above process was repeated. 
The obtained strains using metal-foil strain gauges for the intact and damaged 
beams under the 3 kg weight are shown in Fig. 11(a). The estimated strains at the four 
sensor positions using the classical Euler–Bernoulli beam theory are: A≈2700 
，B≈2200 ，C≈1700  and D≈1200  in the intact beam, which agree well 
with those in Fig. 11(a). Note that the Young’s modulus of aluminum alloy (A5052) is 
69.3 GPa. The corresponding maximum bending stresses at the four sensor positions 
are: A =188.65 MPa，B =154.35 MPa，C=120.05 MPa and D=85.75 MPa, 
respectively, which are much lower than 0.2% proof stress of A5052, i.e., 220 MPa. 
This implies that there is no plastic deformation at the sensor positions of the intact 
beam. With the introduction of the notch, in Fig. 11(a), there are small decreases in the 
strains of gauges A, C and D, while a small strain increase happens in the gauge B near 
the notch. However, the strain variations in the four gauges are very small. In Fig. 11(b), 
the strains of the metal-foil gauges were converted to  using =K. Again, as shown in 
Fig. 11(b) the changes of caused by the damage are very small. In fact, even the 
maximum value of  is only 0.6% in Fig. 11(b). For the present four nanocomposite 
sensors (5 wt.% VGCF loading), after their performance was stabilized through some 
load cycles, the sensor signals during loading process for the intact beam are shown in 
Fig. 12(a). In the sensor signals, a gradual increase during the quasi-static loading stage 
and a very stable platform after the loading stage can be identified. The four 
nanocomposite sensors work very stably. The results of the four sensors’  are shown in 
Fig. 12(b). Compared with Fig. 11(b), it can be found that the variation trends of the 
four nanocomposite sensors due to the damages are the same with those of the metal-
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foil strain gauges. However, the present  variations are much more significant. For an 
objective comparison, the y-axis scale of Fig. 12(b) is just 10 times larger than that of 
Fig. 11(b) since the sensitivity of the nanocomposite sensors is around 12 times higher 
than that of the metal-foil strain gauges. 
The changes in , i.e., =damage-intact, where intact denotes  of the intact beam 
and damage is  of the damaged beam, are plotted in Fig. 13(a). It can be found that of 
the metal-foil gauges are much smaller than those of the nanocomposite sensors. In fact, 
its maximum value is only 0.00835 (gauge C, 1.5 mm notch). For the smallest notch, 
the largest  is only(gauge B, 0.5 mm notch). It means that even for the 
severest damage case, it is still difficult to identify the occurrence of damage since such 
a small change in , i.e., 0.00835, may be caused by experimental noises or other 
environmental factors. The nanocomposite sensors work much better. Its maximum 
value is 0.3476 (sensor A, 1.5 mm notch) in Fig. 13(a), which is around 42 times higher 
than 0.00835 (gauge C, 1.5 mm notch). Even for the smallest damage, the largest  in 
the four nanocomposite sensors is still -(sensor A, 0.5 mm notch), which 
implies that it is still possible to monitor the sensor signal variation caused by such a 
tiny damage. Moreover, the relative change ratios of , i.e., =(damage-intact)/intact [%], 
are also demonstrated in Fig. 13(b). Again, the nanocomposite sensors perform much 
better. The largest of the four nanocomposite sensors is 17.88% (sensor D, 1.5 mm 
notch), which is 7.4 times higher than the largest one of the four metal-foil gauges, i.e., 
2gauge D, 1.5 mm notch). Therefore, it is easy to monitor the occurrence of 
damage from these remarkable changes in  and  in the nanocomposite sensors 
without using any amplifier, such as the bridge box used for the metal-foil gauges. 
Moreover, the damage should be located near the nanocomposite sensor B since 
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only its  increases, and other three sensors’  decrease in Fig. 13. This means that the 
strain or stress concentration caused by the damage occurs near the nanocomposite 
sensor B. Additionally, in Fig. 13, by observing the results of the nanocomposite 
sensors, the clear correlative dependence of  or  on the notch depth provides a 
quantitative means for the estimation of the notch depth. 
 
4. Conclusions 
In this work, the signal stability and reproducibility, and durability of VGCF/epoxy 
nanocomposite strain sensors subjected to static cyclic loads were evaluated. It was 
found that there is a big change in sensor’s  (piezoresistivity) between the 1st and 2nd 
test, however, the sensor behavior was stabilized gradually from the 2
nd
 to the 300
th
 test. 
The signal stability and reproducibility of the VGCF/epoxy nanocomposite strain 
sensors using 5 wt.% VGCF loading are higher compared to those using 3 wt.% VGCF 
loading. When using the VGCF/epoxy nanocomposite strain sensors (5 wt.% VGCF 
loading) to static SHM of a cantilever beam, it was found that, compared to the 
conventional metal-foil strain gauges, the nanocomposite sensors are much more 
effective in detecting tiny structural damage (e.g., a 0.5mm deep notch), and evaluating 
the degree of damage based on the changes of . 
 
Acknowledgements 
The authors are grateful to be supported by Grand-in-Aids for Scientific Research (No. 
22360044) from the Ministry of Education, Culture, Sports, Science and Technology 
(MEXT) of Japan. 
 
15 
 
 
References 
[1] Lim T W and Kashangaki T A L 1994 Structural damage detection of space truss 
structures using best-achievable eigenvectors AIAA J. 32 1049–1057 
[2] Hu N, Wang X, Fukunaga H, Yao Z H, Zhang H X and Wu Z S 2001 Damage 
assessment of structures using modal test data Int. J. Solids Struct. 38 3111-3126 
[3] Ricles J M and Kosmatka J B 1992 Damage detection in elastic structures using 
vibratory residual forces and weighted sensitivity AIAA J. 30 2310–2316 
[4] Kahl K and Sirkis J S 1996 Damage detection in beam structures using subspace 
rotation algorithm with strain data AIAA J. 34 2609–2614 
[5] Todd M D, Johnson G A and Vohra S T 2001 Deployment of a fiber Bragg 
grating-based measurement system in a structural health monitoring application 
Smart Mater. Struct. 10 534-539 (vib. mode only) 
[6] Pandey A K, Biswas M and Samman M M 1991 Damage detection from changes 
in curvature mode shapes J. Sound Vib. 145 321–332 
[7] Hu N, Fukunaga H, Kameyama M, Aramaki Y and Chang F K 2002 Vibration 
analysis of delaminated composite beams and plates using a higher-order finite 
element Int. J. Mech. Sci. 44 1479-1503 
[8] Qiao P Z and Cao M S 2008 Waveform fractal dimension for mode shape-based 
damage identification of beam-type structures Int. J. Solids Struct. 45 5946-5961 
[9] Hadjileontiadis L J and Douka E 2007 Crack detection in plates using fractal 
dimension Eng. Struct. 29 1612-1625 
16 
 
[10] An Y H and Ou J P 2012 Experimental and numerical studies on damage 
localization of simply supported beams based on curvature difference probability 
method of waveform fractal dimension J. Intell. Mater. Syst. Struct. 23 415-426 
[11] Cawley P and Adams R D 1979 The location of defects in structures from 
measurements of natural frequencies J. Strain Anal. 14 49-57 
[12] Zhong S C, Oyadiji S O and Ding K 2008 Response-only method for damage 
detection of beam-like structures using high accuracy frequencies with auxiliary 
mass spatial probing J. Sound Vib. 311 1075-1099 
[13] Fukunaga H, Hu N and Chang F K 2002 Structural damage identification using 
piezoelectric sensors Int. J. Solids Struct. 39 393-418 
[14] Sanayei M, Onipede O 1991 Assessment of structures using static test data AIAA 
J. 29 1156–79 
[15] Tennyson R C, Mufti A A, Rizkalla S, Tadros G and Benmokrane B 2001 
Structural health monitoring of innovative bridges in Canada with fiber optic 
sensors Smart Mater. Struct. 10 560-573 
[16] Inaudi D, Vurpillot S, Casanova N and Kronenberg P 1998 Structural monitoring 
by curvature analysis using interferometric fiber optic sensors Smart Mater. 
Struct. 7 199-208 
[17] Minakuchi S, Okabe Y, Mizutani T and Takeda N 2009 Barely visible impact 
damage detection for composite sandwich structures by optical-fiber-based 
distributed strain measurement Smart Mater. Struct. 18 085018 
[18] Choi H, Choi S and Cha H 2008 Structural health monitoring system based on 
strain gauge enabled wireless sensor nodes Proc. of the 5th Int. Conf. on 
Networked Sensing Systems (INSS 2008) (Kanazawa, June 2008) 
17 
 
[19] Rao M B, Bhat M R, Murthy C R L, Madhav K V and Asokan S 2006 Structural 
health monitoring (SHM) using strain gauges, PVDF film and fiber Bragg grating 
(FBG) sensors: a comparative study Proc. of National Seminar on Non-
Destructive Evaluation (Hyderabad, Dec. 2006) 
[20] Wang X, Hu N, Fukunaga H and Yao Z H 2001 Structural damage identification using 
static test and changes in frequencies Eng. Struct. 23 610-621 
[21] Li E 2007 Sensitivity-enhanced fiber-optic strain sensor based on interference of 
higher order modes in circular fibers IEEE Photonics Techno. Lett. 196 1266-
1268 
[22] Kang I, Schulz M J, Kim J H, Shanov V and Shi D 2006 A carbon nanotube strain 
sensor for structural health monitoring Smart Mater. Struct. 15 737-748 
[23] Zhang W, Suhr J, Koratkar N 2006 Carbon nanotube/polycarbonate composites as 
multifunctional strain sensors J. Nanosci. Nanotechnol. 6 960-964 
[24] Pham G T, Park Y B, Liang Z, Zhang C and Wang B 2008 Processing and 
modeling of conductive thermoplastic/carbon nanotube films for strain sensing 
Compos. Part-B 39 209-216. 
[25] Hu N, Karube Y, Yan C, Masuda Z and Fukunaga H 2008 Tunneling effect in a 
polymer/carbon nanotube nanocomposite strain sensor Acta Mater. 56 2929-2936. 
[26] Park M, Kim H, Youngblood J P 2008 Strain-dependent electrical resistance of 
multi-walled carbon nanotube/polymer composite films Nanotech. 19 055705. 
[27] Wichmann M H G, Buschhorn S T, Gehrmann J and Schulte K 2009 
Piezoresistive response of epoxy composites with carbon nanoparticles under 
tensile load Phys. Rev. B 80 245437 
18 
 
[28] Hu N, Karube Y, Arai M, Watanabe T, Yan C, Li Y, Liu Y L and Fukunaga H 
2010 Investigation on sensitivity of a polymer/carbon nanotube composite strain 
sensor Carbon 48 680-687. 
[29] Paleo A J, Van Hattum F W J, Pereira J, Rocha J G, Silva J, Sencadas V and 
Lanceros-Méndez S 2010 The piezoresistive effect in polypropylene-carbon 
nanofibre composites obtained by shear extrusion Smart Mater. Struct. 19 065013 
[30] Theodosiou T C, Saravanos D A 2010 Numerical investigation of mechanisms 
affecting the piezoresistive properties of CNT-doped polymers using multi-scale 
models Compos. Sci. Technol. 70 1312-1320 
[31] Yin G, Hu N, Karube Y, Liu Y, Li Y and Fukunaga H 2011 A carbon 
nanotube/polymer strain sensor with linear and anti-symmetric piezoresistivity J. 
Compos. Mater. 45 1315-1323 
[32] Alamusi, Hu N, Fukunaga H, Atobe S, Liu Y and Li J 2011 Piezoresistive strain 
sensors made from carbon nanotubes based polymer nanocomposites Sensors 11 
10691-10723 
[33] Oliva-Avilés A I, Avilés F, Sosa V 2011 Electrical and piezoresistive properties 
of multi-walled carbon nanotube/polymer composite films aligned by an electric 
field Carbon 49 2989-2997 
[34] Hu B, Hu N, Li Y, Akagi K, Yuan W, Watanabe T and Cai Y 2012 Multi-scale 
numerical simulations on piezoresistivity of CNT/polymer nanocomposites 
Nanoscale Res. Lett. 7 402 
[35] Njuguna M K, Yan C, Hu N, Bell J M, Yarlagadda P K D V 2012 Sandwiched 
carbon nanotube film as strain sensor Compos. Part-B 43 2711-2717 
19 
 
[36] Hu N, Itoi T, Akagi T, Kojima T, Xue J, Yan C, Atobe S, Fukunaga H, Yuan W, 
Ning H, Surina, Liu Y and Alamusi 2013 Ultrasensitive strain sensors made from 
metal-coated carbon nanofiller/epoxy composites Carbon 51 202-212 
[37] Hu N, Li Y, Nakamura T, Katsumata T, Koshikawa T and Arai M 2012 
Reinforcement effects of MWCNT and VGCF in bulk composites and interlayer 
of CFRP laminates Compos. Part-B 43 3-9 
[38] Hu N, Fukunaga H, Lu C, Kameyama M and Yan B 2005 Prediction of elastic 
properties of carbon nanotube-reinforced composites Proc. Royal Soc. (Series A) 
Math. Phys. Sci. 461 1685-1710 
[39] Anand SV and Mahapatra DR 2009 Quasi-static and dynamic strain sensing using 
carbon nanotube/epoxy nanocomposite thin films Smart Mater. Struct. 18 045013 
[40] Ciselli P, Lu L, James Busfield JC and Peijs T 2010 Piezoresistive polymer 
composites based on EPDM and MWNTs for strain sensing applications e-
Polymers 14 1-13 
[41] Gao L, Thostenson ET, Zhang Z and Chou TW 2009 Sensing of damage 
mechanisms in fiber-reinforced composites under cyclic loading using carbon 
nanotubes Advanced Functional Materials 19 123-130 
 
  
 
 
 
 
 
 
 
20 
 
 
 
 
Figure and Table captions 
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Fig. 8 Schematic of cantilever beam bending test 
Fig. 9 Sizes of specimen and detailed shape of notch, (a) Top view of beam, (b) Side 
view of notch 
Fig. 10 Manufacturing of a notch on beam, (a) die plates, (b) fixation of die plates, (c) 
introduction of a notch on beam, (d) picture of notch 
Fig. 11 Results of metal-foil strain gauges, (a) strains, (b)  
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Fig. 1 Dimensions of sensor 
5mm 4mm 4mm 
5
m
m
 
Sliver paste 
Wire 
22 
 
Fig. 2  of nanocomposite sensors with 3wt.% VGCF addition (1~300 load cycle) 
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Fig. 3  of nanocomposite sensors with 5wt.% VGCF addition (1~300 load cycle) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 Resistance of two sensors under static cyclic loads 
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Fig. 5 Internal conductive network formed by VGCFs 
 
 
 
 
 
 
Fig. 6 Tunneling effects between neighboring VGCFs 
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Fig. 7 Schematic view of deformation of an embedded VGCF 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8 Schematic of cantilever beam bending test 
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(a) Top view of beam 
 
 
(b) Side view of notch 
 
Fig. 9 Sizes of specimen and detailed shape of notch 
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Figure 10. Manufacturing of a notch on beam, (a) die plates, (b) fixation of die plates, 
(c) introduction of a notch on beam, (d) picture of a notch. 
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Figure 11. Results of metal-foil strain gauges, (a) strains, (b)  
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Figure 12. Results of nanocomposite strain sensors, (a) during 
the loading process (intact beam), (b) . 
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(a) Absolute change of  for metal-foil gauges and nanocomposite sensors 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) Relative change of  for metal-foil gauges and nanocomposite sensors 
 
Fig. 13 Changes of  for metal-foil gauges and nanocomposite sensors 
                         
31 
 
Table 1 Properties of VGCF 
  Diameter [nm] Length [m] Aspect ratio[-] Purity [%] 
VGCF 150 8～20 10～500 >99 
 
